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Embryonic stem (ES) cells have potential for use in evaluation of developmental toxicity because they are 
generated in large numbers and differentiate into three germ layers following formation of embryoid bod- 
ies (EBs). In earlier study, embryonic stem cell test (EST) was established for assessment of the embryo- 
toxic potential of compounds. Using EBs indicating the onset of differentiation of mouse ES cells, many 
toxicologists have refined the developmental toxicity of a variety of compounds. However, due to some 
limitation of the EST method resulting from species-specific differences between humans and mouse, it is 
an incomplete approach. In this regard, we examined the effects of several developmental toxic chemicals 
on formation of EBs using human ES cells. Although human ES cells are fastidious in culture and differ- 
entiation, we concluded that the relevancy of our experimental method is more accurate than that of EST 
using mouse ES cells. These types of studies could extend our understanding of how human ES cells could 
be used for monitoring developmental toxicity and its relevance in relation to its differentiation progress. 
In addition, this concept will be used as a model system for screening for developmental toxicity of vari- 
ous chemicals. This article might update new information about the usage of embryonic stem cells in the 
context of their possible ability in the toxicological fields. 
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INTRODUCTION 

Developmental toxicants are defined as substances that 
exert adverse effects on reproductive tissues or embryo; 
these effects are associated with birth defects, low birth 
weight, and biological dysfunction. About 10% of birth 
defects are related with environmental factors including 
therapeutic agents and developmental toxicants. Experi- 
mental animal or mammalian cells have been used in an 
attempt to assess in vivo or in vitro toxicity, respectively. 
Although animal study provides more precise physiologi- 
cal conditions for evaluation of toxic chemicals, it also has 
some restrictions, such as economic and ethical issues (1). 
In an effort to avoid these restrictions, many research 
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groups have focused on in vitro toxicity testing using cell, 
tissues, organ and whole embryo culture. However, none of 
these in vitro tests has been successfully validated. For 
these reasons, some toxicologists were interested in embry- 
onic stem (ES) cells, which have potential for differentia- 
tion into three germ layers, endoderm, mesoderm, and 
ectoderm (2). Using mouse ES cells derived from the inner 
cell mass of pre-implantation mouse embryos (3), embry- 
onic stem cell test (EST) was performed for assessment of 
the embryotoxic potential of compounds (4); this method 
was established by the European Centre for the Validation 
of Alternative Methods (ECVAM) (5-7). In more detail, the 
EST is assessed by formation of embryoid bodies (EBs) 
indicating the onset of differentiation of ES cells during 
early embryogenesis (Fig. 1). Using the EST method, many 
toxicologists have refined the developmental toxicity of a 
variety of compounds (8-11). Using the EST method, devel- 
opmental toxicants were also examined by the 50% inhibition 
of cytotoxicity (IC 50 ) and 50% inhibition of differentiation 
(ID 50 ) values (12), and were then divided into three major 
classes, non-embryotoxic, weakly embryotoxic, and strongly 
embryotoxic (13,14). Based on the cytotoxic and differenti- 
ated endpoints of the ES-EBs system (Fig. 1), recent stud- 
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Fig. 1. Schematic overview of the EST method. The figure illustrates the principle and the endpoints of the EST method to assess the 
developmental toxic chemicals using permanent cell lines: 3T3 fibroblast and mouse ES cells. 



ies have used modified EST methods, including reporter 
gene assay (15,16) and analysis of differentiation markers 
(17,18). 

In this review, we introduce the EST method for develop- 
mental toxicants using an in vitro system featuring pluripo- 
tent ES cells, and share our knowledge of the toxicological 
aspect in developmental progress of toxicant-exposed embry- 
onic stem cells. 

EMBRYONIC STEM CELL TEST (EST) 

Embryonic stem cell test consisted of two kinds of exper- 
iments conducted using a cytotoxicity test and a differentia- 
tion test. For the cytotoxicity test, both mouse blastocyst- 
derived embryonic stem cell line D3 and mouse fibroblast 
3T3 cells were introduced in various ranges of concentra- 
tion of test chemical, and the viabilities of these cells were 
determined by MTT test and schematized by dose response 
curve. To determine whether presence of the test chemical 
system in the mouse ES-EB system can influence differenti- 
ation progress, D3 mouse ES cells were cultured in the 
absence of murine leukemia inhibitory factor using the 
hanging-drop and suspension culture method until day 5 



(19). After growth of EBs, they were incubated with a cul- 
ture flask on day 10 and evaluated by morphological change 
of cardiomyocyte differentiation (4,20). In evaluation of 
toxic chemicals using the EST method, 78% of 20 refer- 
ence compounds showed toxicity matching, as reported in 
several previous studies (14). Pharmaceutical and chemical 
companies evaluated their compounds that have proven to 
be useful for applications of non-clinical testing (11). 

While these latter observations are interesting, the vali- 
dated EST failed to address their embryotoxic potential in 
the 13 substances because these compounds might cause 
relevant defect to other tissues apart from inhibition of car- 
diac cell differentiation (21). More recently, many toxicolo- 
gists have focused their attention on refining the EST 
method, including extra assays (22) or replacing some steps 
of the original EST Standard Operating Procedure (23,24). 
Because embryonic cells have characteristics of pluripo- 
tency, such as an endodermal, mesodermal, and ectodermal 
originated germ layers (25,26), recent issues include the 
additional ES cell differentiation endpoint and molecular 
approaches to detection of toxic effects on embryonic 
development. In recent studies, a luciferase reporter gene 
assay with constructs containing the heart and neural crest 
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derivatives expressed transcript 1 (Handl) and cardiomyop- 
athy associated 1 (Cmyal) promoters were introduced in 
mouse ES cells (16). In addition, several differentiation-lin- 
eage marker genes were examined in the presence of devel- 
opmental toxic chemicals on mouse ES cells (27). Using a 
fluorescence-activated cell sorting system, the cardiac dif- 
ferentiation marker (sarcometric myosin heavy chains) of 
ES cells was used for evaluation of developmental toxic 
chemicals (22). 

DEVELOPMENTAL TOXICANTS ON 
DIFFERENTIATED MOUSE ES CELLS 

Using embryonic stem cells with characteristics such as 
cell proliferation and pluripotent differentiation, many 
chemicals including hydroxyurea, 5-fluorouracil, cytosine 
arabinoside, indomethacin and dexamethasone, have inves- 
tigated to evaluate the effects of developmental toxicity. 
Although these chemicals are used widely as anticancer 
drugs and anti-inflammatory agents, they also exert devel- 
opmental toxicity, causing disrupted development of the 
embryo due to interference in DNA synthesis or protein 
production (28-31). Early studies have shown that treat- 
ment of rat and rabbit embryos with cytosine arabinoside 
results in abnormalities of the head, mandible, and limb bud 

(32) . In a more recent study, exposure to cytosine arabino- 
side during pregnancy resulted in a reduction in the number 
of fetuses as well as a decrease in fetal body weight in mice 

(33) . Another chemical, 5-fluorouracil, which was highly 
used as an anti-cancer drug, increasingly induced malfor- 
mation of rat embryos in dose and time-dependent manner 



(34). In addition, 5-fluorouracil was reported to exert devel- 
opmental toxic effects on pregnant rodents (29,35). Follow- 
ing exposure to hydroxyurea, increased levels of some 
apoptosis-related markers and cell cycle markers have been 
reported in the mouse fetal brain (36). In addition, hydrox- 
yurea causes a significant decrease in developmental progress 
of rodent embryo (28). In correlation with the in vivo result 
in which hydroxyurea exhibited anti-proliferative activity 
on decidua of pregnant rats (37), the embryotoxicity of 
hydroxyurea is indicative of reduction of cell viability and 
inhibition of differentiation. In addition, the anti-cancer 
drugs used (hydroxyurea, 5-fluorouracil, and cytosine arabi- 
noside) have been reported to reduce implantation rate and 
fetal/placental weight (37-39). Based on this evidence, our 
study provides direct evidence indicating that this also occurs 
in fetal development during embryogenesis. Indomethacin 
has been reported to have many effects on cerebral, mesen- 
teric, and renal hemodynamics as well as renal tubular func- 
tion in fetuses (40,41). Like anti-cancer drugs, anti- 
inflammatory agents (indomethacin and dexamethasone) 
inhibited implantation during early pregnancy (42,43). In 
parallel with above evidences, it is interesting that diameter 
of EBs was decreased in response to treatment with devel- 
opmental toxic chemicals in our unpublished data. 

Of particular interest, accumulation of dead mouse ES 
cells was observed in the vehicle treated control group when 
compared with undifferentiated mouse ES cells in medium 
supplemented with leukemia inhibitory factor (LIF) cytok- 
ine. Accumulation of apoptotic cells is not unprecedented 
because accumulation of spontaneous apoptosis occurs 
within differentiated mouse ES cells in medium depleted of 
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LIF cytokine (44). Although the toxicants used have been 
shown to induce apoptosis via inhibition of DNA synthesis 
(45-47), it was observed that an inverse relationship between 
cytotoxicity and apoptotic activity in differentiated mouse 
ES cells in response to developmental toxicants is not pre- 
dominantly mediated by apoptotic activity in our recent 
data and that treatment with toxicants may interfere with 
proper early developmental mechanisms such as apoptosis. 
While the apoptotic markers including Caspase-3 and PARP 
were decreased in toxicant-exposed EBs, necrotic marker 
(Hmgbl) was detected in culture media of EBs. Thus, 
developmental toxicants may interfere with differentiation 
of mouse ES cells linked with spontaneous apoptotic cell 
death (Fig. 2). In addition, it is clear that cell deaths, which 
are enhanced by the presence of toxicants, are necrosis- 
dependent, at least in mouse ES cells. 

We also demonstrated that un-differentiation marker was 
induced by treatment with hydroxyurea, 5-fluorouracil, and 
cytosine arabinoside. While one study reported that ectoder- 
mal and mesodermal markers on human ES cells were 
decreased after treatment with hydroxyurea (18), it was 
found that the relative levels of ectodermal marker and 
mesodermal marker were consistent with vehicle control, 
and endodermal marker was significantly increased in dif- 
ferentiated mouse EBs. As reported in a previous study in 
which cytosine arabinoside induced differentiation into 
ectoderm in parallel with inhibition into mesodermal differ- 
entiation in human ES cells, it was also related with a 
decrease of mesodermal markers and an increase of ecto- 
dermal markers in differentiated mouse EBs (48). 

DEVELOPMENTAL TOXICANTS ON 
UNDIFFERENTIATED HUMAN ES CELLS 

In some recent studies, it was observed that human 
embryo stem (ES) cells are used for detection of develop- 
mental toxicity of chemicals (49-51). Since genetic or phys- 
iological diversity between humans and mice has been 
reported in pre-implantation (52), the use of human ES cells 
might provide more accurate endpoints. While undifferenti- 
ated mouse ES cells have been used as ESTs, we evaluated 
embryotoxic chemicals in the vitro system using undifferen- 
tiated human ES cells because use of mouse ES cells has 
reached its limits due to interspecies distinction (53). When 
we modified the protocol for measurement of IC 50 values 
after exposure of embryotoxic chemicals for up to seven 
days, the IC 50 values of embryotoxic chemicals were simi- 
lar to those reported by other groups using ESTs with 
mouse ES (14) and human ES cells (18,54). This result sug- 
gests that our system was appropriate for assessment of the 
IC 50 values of embryotoxic chemicals within a relatively 
short period. For identification of other marker genes that 
are influenced by the presence of embryotoxic chemicals in 
human ES cells, we performed gene expression profiling 



using microarray. While treatment with non-embryotoxic 
penicillin G induced a change in expression of a small num- 
ber of genes, the tested toxicants altered the levels of a high 
number of genes. As expected, a number of genes involved 
in embryonic development, cell cycle regulation, and apop- 
tosis were significantly affected by the toxicants, and this is 
consistent with previous microarray studies using mouse 
stem cells (55,56). For example, down-regulated expres- 
sion of OCT-4 and NANOG genes is associate with impair- 
ment of embryo development because the loss of OCT-4 
and NANOG expression in mouse embryos causes failed 
development of the inner cell mass (57,58). In this regard, 
we observed down-regulated expression of human ES 
cell markers, including OCT-4 and NANOG genes, which 
have an essential role in early development. In summary, 
our system may help to elucidate toxicant-dependent alter- 
ations of ES cell-specific gene expression in undifferenti- 
ated human ES cells. More importantly, the stimulation 
or repression of toxicant-responsive genes is important for 
assessment of new chemicals in undifferentiated human ES 
cells. 

DEVELOPMENTAL TOXICANTS ON 
DIFFERENTIATED ES CELLS 

In order to build a screening system for developmental 
toxicants that could impact the embryonic developmental 
stage, many toxicologists have focused on mouse ES cells. 
In many earlier studies, it was reported that developmental 
toxicants impaired the differentiation of mouse ES cells in 
company with cytotoxicity. In our recent study, we exam- 
ined their effects on formation of EBs using human ES cells 
because of some limits due to species-specific differences 
between humans and rodents. First, we established an alter- 
native in vitro system using differentiated human ES, such 
as neuronal differentiation or cardiomyocyte differentia- 
tion. In an investigation of differentiation markers during 
differentiation of human ES cells, we found that develop- 
mental toxicants within human ES cells are able to cause a 
marked increase or decrease in relative abundance of differ- 
entiation-related genes. These differentiation-related genes 
include NR4A2, an intracellular transcription factor that 
plays a key role in maintenance of the dopaminergic neu- 
ron (59). As a solute carrier protein, SLC1A2 is the princi- 
pal transporter that clears the excitatory neurotransmitter 
glutamate from the extracellular space at synapses in the 
central nervous system (60). CNP is expressed exclusively 
by oligodendrocytes in the CNS, and the appearance of 
CNP seems to be one of the earliest events of oligodendro- 
cyte differentiation (61). GAD1 encodes one of several 
forms of glutamic acid decarboxylase, which catalyzed pro- 
duction of gamma-aminobutyric acid (GABA) from L- 
glutamic acid (62). When quantitative RT-PCR measure- 
ments of specific transcripts in dexamethasone, hydroxyurea, 
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or cytosine arabinoside treated human ES cells were com- 
pared with those in control human ES cells, four (SLC1A2, 
glutamartergic neuron marker; GAD2, GABA neuron marker; 
CNP, oligodendrocyte marker; GAD1, GABA neuron marker) 
genes were highly reduced in toxicant treated human ES 
cells. The relative levels of NR4A2 (domainergic neuron 
marker), SLC1A2, and GAD2 mRNA were higher in 
indomethacin treated human ES cells than in control human 
ES cells, and the transcriptional levels of glutamartergic or 
GABA neuron markers were higher in 5-fluorouracil treated 
cells. 

To determine whether or not cardiomyocyte differentia- 
tion in human ES cells is due to a developmental toxicant, a 
separate set of experiments was conducted in which human 
ES cells were incubated in medium containing toxic chemi- 
cals. As a cardiomyocyte indicating marker, the presence of 
cTnl is used as a marker of differentiation because it is 
reported in cardiac muscle cell in myocardium, and plays an 
important role in regulation of skeletal and cardiac muscle 
contraction (63). As a calcium channel, RYR2 is found pri- 
marily in cardiac muscle, and its role in cardiomyocyte con- 
traction has been studied (64). MYL3 is a gene encoded in 
myosin light chain 3, which is expressed in ventricular mus- 
cle in heart (65). While the relative abundance of heart spe- 
cific transcripts in human ES cells was induced by 
dexamethasone, the results showed that several cardiomyo- 
cyte specific transcripts in human ES cells were decreased 
by treatment with toxicants, including hydroxyurea, 5-fluo- 
rouracil, and cytosine arabinoside. 

PERSPECTIVES 

These studies have increased our understanding of how 
human ES cells could be used for monitoring developmen- 
tal toxicity and its relevance in relation to its differentiation 
progress by well known-developmental toxicants. They 
have also provided new tools for evaluation of toxic chemi- 
cals in the context of their possible actions in the extracellu- 
lar environment of embryonic stem cells. However, human 
ES cells also have some limitations by sensitive culture 
condition and low ability of growth/development compared 
with those of cancer cell lines. In addition, this method 
requires a relatively long period of time for formation of 
embryonic bodies. Nevertheless, the relevancy of our 
experimental method is more accurate than that of EST 
using mouse ES cells. Therefore, we suggest that human ES 
cells may be useful for testing the toxicity or differentiation 
impairment of chemicals that could have an impact on the 
embryonic developmental stage. 

ACKNOWLEDGEMENTS 

This study was supported by a grant (12182KFDA638) 
from the Korea Food and Drug Administration. 



REFERENCES 

1. Hofer, T.I., Gerner, I., Gundert-Remy, U., Liebsch, M., 
Schulte, A., Spielmann, H., Vogel, R. and Wettig, K. (2004) 
Animal testing and alternative approaches for the human 
health risk assessment under the proposed new European 
chemicals regulation. Arch. Toxicol, 78, 549-564. 

2. Yamanaka, S., Li, J., Kania, G, Elliott, S., Wersto, R.P., Van 
Eyk, J., Wobus, A.M. and Boheler, J.R. (2008) Pluripotency 
of embryonic stem cells. Cell Tissue Res., 331, 5-22. 

3. Heuer, J., Bremer, S., Pohl, I. and Spielmann, H. (1993) 
Development of an in vitro embryotoxicity test using murine 
embryonic stem cell cultures. Toxicol. In Vitro, 7, 551-556. 

4. Scholz, G, Pohl, I., Genschow, E., Klemm, M. and Spiel- 
mann, H. (1999) Embryotoxicity screening using embryonic 
stem cells in vitro: correlation to in vivo teratogenicity. Cells 
Tissues Organs, 165, 203-211. 

5. Genschow, E., Scholz, G, Brown, N.A., Piersma, A.H., Brady, 
M., Clemann, N., Huuskonen, H., Paillard, E, Bremer, S. and 
Spielmann, H. (1999) [Development of prediction models for 
three in vitro embryotoxicity tests which are evaluated in an 
ECVAM validation study]. ALTEX, 16, 73-83. 

6. Seiler, A.E. and Spielmann, H. (2011) The validated embry- 
onic stem cell test to predict embryotoxicity in vitro. Nat. Pro- 
toe, 6,961-978. 

7. Spielmann, H., Genschow, E., Scholz, G, Brown, N.A., 
Piersma, A.H., Brady, M., Clemann, N., Huuskonen, H, Pail- 
lard, E, Bremer, S. and Becker, K. (2001) Preliminary results 
of the ECVAM validation study on three in vitro embryotoxic- 
ity tests. Altem. Lab. Anim., 29, 301-303. 

8. Chen, R, Chen, J., Cheng, S., Qin, J., Li, W., Zhang, L., Jiao, 
H, Yu, X., Zhang, X., Lahn, B.T. and Xiang, A.P (2010) 
Assessment of embryotoxicity of compounds in cosmetics by 
the embryonic stem cell test. Toxicol Mech. Methods, 20, 112- 
118. 

9. de Jong, E., Louisse, J., Verwei, M., Blaauboer, B.J., van de 
Sandt, J.J., Woutersen, R.A., Rietjens, I.M. and Piersma, A.H. 
(2009) Relative developmental toxicity of glycol ether alkoxy 
acid metabolites in the embryonic stem cell test as compared 
with the in vivo potency of their parent compounds. Toxicol. 
Sci., 110, 117-124. 

10. Eckardt, K. and Stahlmann, R. (2010) Use of two validated in 
vitro tests to assess the embryotoxic potential of mycophe- 
nolic acid. Arch. Toxicol, 84, 37-43. 

11. Paquette, J.A., Kumpf, S.W., Streck, R.D., Thomson, J.J., 
Chapin, R.E. and Stedman, D.B. (2008) Assessment of the 
Embryonic Stem Cell Test and application and use in the phar- 
maceutical industry. Birth Defects Res. Part B, 83, 104-111. 

12. Spielmann, H, Balls, M., Dupuis, J., Pape, W.J., Pechovitch, 
G, de Silva, O., Holzhutter, H.G, Clothier, R, Desolle, P., 
Gerberick, E, Liebsch, M., Lovell, W.W., Maurer, X, Pfan- 
nenbecker, U., Potthast, J.M., Csato, M., Sladowski, D., Steil- 
ing, W. and Brantom, P. (1998) The International EU/COLIPA 
In Vitro Phototoxicity Validation Study: Results of Phase II 
(Blind Trial). Part 1: The 3T3 NRU Phototoxicity Test. Toxi- 
col In Vitro, 12, 305-327. 

13. Genschow, E., Scholz, G, Brown, N., Piersma, A., Brady, M., 
Clemann, N., Huuskonen, H, Paillard, E, Bremer, S., Becker, 
K. and Spielmann, H. (2000) Development of prediction mod- 



226 E.-J. Hong and E.-B. Jeung 



els for three in vitro embryotoxicity tests in an ECVAM vali- 
dation study. In Vitro Mol. Toxicol, 13, 51-66. 

14. Genschow, E., Spielmann, H., Scholz, G, Pohl, I., Seiler, A., 
Clemann, N., Bremer, S. and Becker, K. (2004) Validation of 
the embryonic stem cell test in the international ECVAM vali- 
dation study on three in vitro embryotoxicity tests. Altera. 
Lab. Anim., 32, 209-244. 

15. Suzuki, N., Ando, S., Sumida, K., Horie, N. and Saito, K. 
(2011) Analysis of altered gene expression specific to embry- 
otoxic chemical treatment during embryonic stem cell differ- 
entiation into myocardiac and neural cells. J. Toxicol, Sci. , 36, 
569-585. 

16. Suzuki, N., Ando, S., Yamashita, N, Horie, N. and Saito, K. 
(2011) Evaluation of novel high-throughput embryonic stem 
cell tests with new molecular markers for screening embryo- 
toxic chemicals in vitro. Toxicol. Sci., 124, 460-471. 

17. Flora, S.J. and Mehta, A. (2009) Monoisoamyl dimercapto- 
succinic acid abrogates arsenic-induced developmental toxic- 
ity in human embryonic stem cell-derived embryoid bodies: 
comparison with in vivo studies. Biochem. Pharmacol, 78, 
1340-1349. 

18. Mehta, A., Konala, V.B., Khanna, A. and Majumdar, A.S. 
(2008) Assessment of drug induced developmental toxicity 
using human embryonic stem cells. Cell Biol. Int., 32, 1412- 
1424. 

19. Taha, M.F., Valojerdi, M.R., Hatami, L. and Javeri, A. (2012) 
Electron microscopic study of mouse embryonic stem cell- 
derived cardiomyocytes. Cytotechnology, 64, 197-202. 

20. Genschow, E., Spielmann, H., Scholz, G, Seiler, A., Brown, 
N, Piersma, A., Brady, M., Clemann, N., Huuskonen, H., 
Paillard, E, Bremer, S. and Becker, K. (2002) The ECVAM 
international validation study on in vitro embryotoxicity tests: 
results of the definitive phase and evaluation of prediction 
models. European Centre for the Validation of Alternative 
Methods. Altern. Lab. Anim., 30, 151-176. 

21. Marx-Stoelting, P., Adriaens, E., Ahr, H.J., Bremer, S., 
Garthoff, B., Gelbke, H.P, Piersma, A., Pellizzer, C, Reuter, 
U., Rogiers, V, Schenk, B., Schwengberg, S., Seiler, A., 
Spielmann, H., Steemans, M., Stedman, D.B., Vanparys, P., 
Vericat, J.A., Verwei, M., van der Water, E, Weimer, M. and 
Schwarz, M. (2009) A review of the implementation of the 
embryonic stem cell test (EST). The report and recommenda- 
tions of an ECVAM/ReProTect Workshop. Altern. Lab. Anim., 
37,313-328. 

22. Buesen, R., Genschow, E., Slawik, B., Visan, A., Spielmann, 
H., Luch, A. and Seiler, A. (2009) Embryonic stem cell test 
remastered: comparison between the validated EST and the 
new molecular FACS-EST for assessing developmental toxic- 
ity in vitro. Toxicol. Sci., 108, 389-400. 

23. Seiler, A., Visan, A., Buesen, R., Genschow, E. and Spiel- 
mann, H. (2004) Improvement of an in vitro stem cell assay 
for developmental toxicity: the use of molecular endpoints in 
the embryonic stem cell test. Reprod. Toxicol, 18, 231-240. 

24. Pedersen, A., Skjong, C. and Shawlot, W. (2005) Lim 1 is 
required for nephric duct extension and ureteric bud morpho- 
genesis. Dev. Biol, 288, 571-581. 

25. Chavez, S.L., Meneses, J.J., Nguyen, H.N., Kim, S.K. and 
Pera, R.A. (2008) Characterization of six new human embry- 
onic stem cell lines (HSF7, -8, -9, -10, -12, and -13) derived 



under minimal-animal component conditions. Stem Cells Dev., 
17, 535-546. 

26. Gepstein, L. (2002) Derivation and potential applications of 
human embryonic stem cells. Circ. Res., 91, 866-876. 

27. zur Nieden, N.I., Kempka, G and Ahr, H.J. (2004) Molecular 
multiple endpoint embryonic stem cell test— a possible 
approach to test for the teratogenic potential of compounds. 
Toxicol. Appl. Pharmacol, 194, 257-269. 

28. Hansen, D.K., Grafton, T.F., Cross, D.R. and James, S.J. 
(1995) Partial attenuation of hydroxyurea-induced embryotox- 
icity by deoxyribonucleotides in mouse and rat embryos 
treated in vitro. Toxicol. In Vitro, 9, 11-19. 

29. Lau, C, Mole, M.L., Copeland, M.F., Rogers, J.M., Kavlock, 
R.J., Shuey, D.L., Cameron, A.M., Ellis, D.H., Logsdon, T.R., 
Merriman, J. and Setzer, R.W (2001) Toward a biologically 
based dose-response model for developmental toxicity of 5- 
fluorouracil in the rat: acquisition of experimental data. Toxi- 
col. Sci., 59, 37-48. 

30. Ninomiya, H, Kishida, K., Ohno, Y., Tsurumi, K. and Eto, K. 
(1994) Effects of cytosine arabinoside on rat and rabbit 
embryos cultured in vitro. Toxicol In Vitro, 8, 109-116. 

31. Norton, M.E. (1997) Teratogen update: fetal effects of 
indomethacin administration during pregnancy. Teratology, 
56, 282-292. 

32. Adlard, B.P, Dobbing, J. and Sands, J. (1975) A comparison 
of the effects of cytosine arabinoside and adenine arabinoside 
on some aspects of brain growth and development in the rat. 
Br. J. Pharmacol, 54, 33-39. 

33. Ortega, A., Puig, M. and Domingo, J.L. (1991) Maternal and 
developmental toxicity of low doses of cytosine arabinoside in 
mice. Teratology, 44, 379-384. 

34. Grafton, T.F., Bazare, J.J. Jr., Hansen, D.K. and Sheehan, 
D.M. (1987) The in vitro embryotoxicity of 5-fluorouracil in 
rat embryos. Teratology, 36, 371-377. 

35. Shuey, D.L., Lau, C, Logsdon, T.R., Zucker, R.M., Elstein, 
K.H., Narotsky, M.G, Setzer, R.W, Kavlock, R.J. and Rog- 
ers, J.M. (1994) Biologically based dose-response modeling in 
developmental toxicology: biochemical and cellular sequelae 
of 5-fluorouracil exposure in the developing rat. Toxicol. Appl 
Pharmacol, 126, 129-144. 

36. Woo, G.H., Bak, E.J., Nakayama, H. and Doi, K. (2006) 
Molecular mechanisms of hydroxyurea(HU)-induced apopto- 
sis in the mouse fetal brain. Neurotoxicol. Teratol, 28, 125- 
134. 

37. Spencer, E, Chi, L. and Zhu, M.X. (2000) Hydroxyurea inhi- 
bition of cellular and developmental activities in the decidual- 
ized and pregnant uteri of rats. J. Appl. Toxicol, 20, 407-412. 

38. Hrushesky, W.J., Vyzula, R. and Wood, PA. (1999) Fertility 
maintenance and 5-fluorouracil timing within the mammalian 
fertility cycle. Reprod. Toxicol, 13, 413-420. 

39. Marcickiewicz, J., Chazan, B., Niemiec, T, Sokolska, G, 
Troszynski, M., Luczak, M. and Szmigielski, S. (1986) Micro- 
wave radiation enhances teratogenic effect of cytosine arabi- 
noside in mice. Biol. Neonate, 50, 75-82. 

40. Gleason, CA. (1987) Prostaglandins and the developing kid- 
ney. Semin. Perinatol, 11, 12-21. 

41. Meyers, R.L., Alpan, G, Lin, E. and Clyman, R.I. (1991) 
Patent ductus arteriosus, indomethacin, and intestinal disten- 
sion: effects on intestinal blood flow and oxygen consump- 



Toxicological Approaches in Embryonic Stem Cells 



227 



tion. Pediatr. Res., 29, 569-574. 

42. Johnson, D.C. and Dey, S.K. (1980) Role of histamine 
in implantation: dexamethasone inhibits estradiol-induced 
implantation in the rat. Biol. Reprod., 22, 1136-1141. 

43. Snabes, M.C. and Harper, M.J. (1984) Site of action of 
indomethacin on implantation in the rabbit. J. Reprod. Fertil, 
71, 559-565. 

44. Boeuf, H., Hauss, C, Graeve, F.D., Baran, N. and Kedinger, 
C. (1997) Leukemia inhibitory factor-dependent transcrip- 
tional activation in embryonic stem cells. /. Cell Biol, 138, 
1207-1217. 

45. Dessi, R, Pollard, H., Moreau, J., Ben-Ari, Y. and Charriaut- 
Marlangue, C. (1995) Cytosine arabinoside induces apoptosis 
in cerebellar neurons in culture. J. Neurochem., 64, 1980- 
1987. 

46. Shuey, D.L., Setzer, R.W., Lau, C, Zucker, R.M., Elstein, 
K.H., Narotsky, M.G., Kavlock, R.J. and Rogers, J.M. (1995) 
Biological modeling of 5-fluorouracil developmental toxicity. 
Toxicology, 102, 207-213. 

47. Yarbro, J.W., Kennedy, B.J. and Barnum, CP. (1965) Hydrox- 
yurea inhibition of DNA synthesis in ascites tumor. Proc. 
Nad. Acad. Sci. U. S. A, 53, 1033-1035. 

48. Jagtap, S., Meganathan, K., Gaspar, J., Wagh, V., Winkler, J., 
Hescheler, J. and Sachinidis, A. (2011) Cytosine arabinoside 
induces ectoderm and inhibits mesoderm expression in human 
embryonic stem cells during multilineage differentiation. Br. 
J. Pharmacol, 162, 1743-1756. 

49. Jensen, J., Hyllner, J. and Bjorquist, P. (2009) Human embry- 
onic stem cell technologies and drug discovery. J. Cell Phys- 
iol, 219, 513-519. 

50. Krtolica, A. and Giritharan, G. (2010) Use of human embry- 
onic stem cell-based models for male reproductive toxicity 
screening. Syst. Biol. Reprod. Med., 56, 213-221. 

51. Krug, A.K., Kolde, R., Gaspar, J.A., Rempel, E., Balmer, 
N.V., Meganathan, K., Vojnits, K., Baquie, M., Waldmann, T., 
Ensenat-Waser, R., Jagtap, S., Evans, R.M., Julien, S., Peter- 
son, H, Zagoura, D., Kadereit, S., Gerhard, D., Sotiriadou, I., 
Heke, M., Natarajan, K., Henry, M., Winkler, J., Marchan, R., 
Stoppini, L., Bosgra, S., Westerhout, J., Verwei, M., Vilo, J., 
Kortenkamp, A., Hescheler, J., Hothorn, L., Bremer, S., van 
Thriel, C, Krause, K.H., Hengstler, J.G, Rahnenfuhrer, J., 
Leist, M. and Sachinidis, A. (2013) Human embryonic stem 
cell-derived test systems for developmental neurotoxicity: a 
transcriptomics approach. Arch. Toxicol, 87 ', 123-143. 

52. Krtolica, A., Ilic, D., Genbacev, O. and Miller, R.K. (2009) 
Human embryonic stem cells as a model for embryotoxicity 
screening. Regener. Med., 4, 449-459. 

53. Ginis, I., Luo, Y, Miura, T., Thies, S., Brandenberger, R., 
Gerecht-Nir, S., Amit, M., Hoke, A., Carpenter, M.K., Itsko- 
vitz-Eldor, J. and Rao, M.S. (2004) Differences between 
human and mouse embryonic stem cells. Dev. Biol, 269, 360- 
380. 

54. Suzuki, N., Yamashita, N., Koseki, N., Yamada, T., Kimura, 
Y, Aiba, S., Toyoizumi, T., Watanabe, M., Ohta, R, Tanaka, 



N. and Saito, K. (2012) Assessment of technical protocols for 
novel embryonic stem cell tests with molecular markers 
(Handl- and Cmyal-ESTs): a preliminary cross-laboratory 
performance analysis. J. Toxicol. Sci., 37, 845-851. 

55. Schulpen, S.H., Robinson, J.F., Pennings, J.L., van Dartel, 
D.A. and Piersma, A.H. (2013) Dose response analysis of 
monophthalates in the murine embryonic stem cell test 
assessed by cardiomyocyte differentiation and gene expres- 
sion. Reprod. Toxicol, 35, 81-88. 

56. van Dartel, D.A., Pennings, J.L., de la Fonteyne, L.J., van 
Herwijnen, M.H., van Delft, J.H., van Schooten, F.J. and 
Piersma, A.H. (2010) Monitoring developmental toxicity in 
the embryonic stem cell test using differential gene expres- 
sion of differentiation-related genes. Toxicol. Sci., 116, 130- 
139. 

57. Nichols, J., Zevnik, B., Anastassiadis, K, Niwa, H., Klewe- 
Nebenius, D., Chambers, I., Scholer, H. and Smith, A. (1998) 
Formation of pluripotent stem cells in the mammalian embryo 
depends on the POU transcription factor Oct4. Cell, 95, 379- 
391. 

58. Smith, A.G. (2001) Embryo-derived stem cells: of mice and 
men. Annu. Rev. Cell Dev. Biol, 17, 435-462. 

59. Sacchetti, P., Carpentier, R., Segard, P., Olive-Cren, C. and 
Lefebvre, P. (2006) Multiple signaling pathways regulate the 
transcriptional activity of the orphan nuclear receptor NURR1. 
Nucleic Acids Res., 34, 5515-5527. 

60. Pines, G, Danbolt, N.C., Bj0ras, M., Zhang, Y, Bendahan, A., 
Eide, L., Koepsell, H, Storm-Mathisen, J., Seeberg, E. and 
Kanner, B.I. (1992) Cloning and expression of a rat brain L- 
glutamate transporter. Nature, 360, 464-467. 

61. Kasama-Yoshida, H, Tohyama, Y, Kurihara, T., Sakuma, M., 
Kojima, H. and Tamai, Y. (1997) A comparative study of 2',3'- 
cyclic-nucleotide 3 '-phosphodiesterase in vertebrates: cDNA 
cloning and amino acid sequences for chicken and bullfrog 
enzymes. J. Neurochem., 69, 1335-1342. 

62. Dirkx, R. Jr., Thomas, A., Li, L., Lernmark, A., Sherwin, R.S., 
De Camilli, P. and Solimena, M. (1995) Targeting of the 67- 
kDa isoform of glutamic acid decarboxylase to intracellular 
organelles is mediated by its interaction with the NH2-termi- 
nal region of the 65-kDa isoform of glutamic acid decarboxy- 
lase. J. Biol. Chem., 270, 2241-2246. 

63. Sarko, J. and Pollack, C.V. Jr. (2002) Cardiac troponins. J. 
Emerg. Med., 23, 57-65. 

64. Bround, M.J., Wambolt, R., Luciani, D.S., Kulpa, J.E., Rod- 
rigues, B., Brownsey, R.W., Allard, M.F and Johnson, J.D. 
(2013) Cardiomyocyte ATP production, metabolic flexibility, 
and survival require calcium flux through cardiac ryanodine 
receptors in vivo. J. Biol. Chem., 288, 18975-18986. 

65. Cohen-Haguenauer, O., Barton, P.J., Van Cong, N., Cohen, A., 
Masset, M., Buckingham, M., and Frezal, J. (1989) Chromo- 
somal assignment of two myosin alkali light-chain genes 
encoding the ventricular/slow skeletal muscle isoform and the 
atrial/fetal muscle isoform (MYL3, MYL4). Hum. Genet., 81, 
278-282. 



